The plasticity of a synapse in the molluscan peripheral nervous system was examined under a variety of experimental, physiological, and pharmacological conditions.
The plasticity of a synapse in the molluscan peripheral nervous system was examined under a variety of experimental, physiological, and pharmacological conditions. These studies employed the isolated salivary glands and attached buccal ganglia of the freshwater snail Helisoma. Action potentials evoked in buccal neuron 4 normally evoke a large excitatory postsynaptic potential (EPSP) which drives an action potential in gland secretory cells. In order to measure modulation of the EPSP, action potential generation in gland cells was prevented by bathing the preparation in low calcium, high magnesium salines. The relationship between the gland EPSP amplitude and specific physiological properties of neuron 4 was analyzed.
In common with some central molluscan synapses, the EPSP was found to be strongly influenced by the membrane potential of neuron 4. Specifically, its amplitude was reduced by hyperpolarization of the neuron 4 soma. The relationship between EPSP amplitude and somatic potential of neuron 4 was linear in the range from resting potential (-47 f 6mV) to -100 mV. Furthermore, the EPSP amplitude was directly proportional to the action potential half-width of neuron 4. In order to evaluate the possible physiological role of this action potential/EPSP relationship, we examined whether gland EPSPs are modulated during the spike broadening that occurs in both spontaneous burst activity and imposed impulse trains. The preceding action potential/EPSP relationship was maintained under both of these conditions, i.e., EPSP magnitude increased as spikes broadened during bursts or trains. The peptidergic modulation of neuroglandular transmission was also examined. The molluscan peptide SCPs was found to depolarize neuron 4 and an increase in EPSP amplitude was concomitantly observed. This increase in EPSP amplitude was attributed to the spike broadening accompanying depolarization of neuron 4. Accordingly, both EPSP and spike parameters were restored to control values by repolarization of neuron 4. In contrast, the molluscan tetrapeptide FMRF-amide was found to decrease EPSP amplitude by both hyperpolarizing neuron 4 and by direct hyperpolarization and conductance increase of gland cells. In this case, repolarization of neuron 4 restored the action potential but caused only partial resto-ration of the EPSP amplitude.
We conclude that the neuroglandular synapse of Helisoma shows plasticity under a variety of physiological and pharmacological conditions which involve changes of presynaptic action potential parameters.
The cellular mechanisms of synaptic plasticity have been the focus of many studies that have exploited model nervous systems varying from the hippocampus to isolated neurons in culture. In the case of molluscan ganglia, studies have ranged from investigating the onset of plasticity at identified synapses during ontogeny (Rayport and Camardo, 1984) to the cellular correlates of aging (Peretz et al., 1984) . The freshwater snail Helisoma has provided a number of insights into synaptic organization including the innervation of a peripheral target organ, the salivary glands (Kater et al., 1978a) . The synaptic plasticity of neuroglandular innervation in Helisoma is the subject of the current report.
Synaptic plasticity can occur in both the CNS and the PNS of molluscs, as exemplified by the ability of the gill withdrawal reflex in Aplysia to habituate with and without the presence of the CNS (Lukowiak, 1977; Carew et al., 1979) . In many instances, however, the peripheral target organs and/or neurons are unsuitable for intracellular recording and, thus, analysis of mechanisms of peripheral plasticity can be confounded by technical considerations. The present study exploited the tractability of simultaneous recordings from the Helisoma salivary gland and its innervating neuron to examine plasticity at a peripheral molluscan synapse.
The somata of some neurons in molluscan ganglia have been shown to be electrically close enough to their terminal regions in the neuropil so that polarization of the soma can influence transmitter release. Specifically, hyperpolarization of the somata of interneurons in Aplysia reduces the amplitude of synaptic potentials on target neurons within the ganglion (Shimahara and Peretz, 1978; Shapiro et al., 1980; Shimahara, 1983) . The present study examined the influence of soma potential on transmission at a synapse in the PNS of Helisoma under a number of physiological and pharmacological conditions.
Materials and Methods
These studies employed specimens of albino ("red") Helisoma snails obtained from Inbred laboratory cultures of 15 to 18 mm vertical shell height. The procedure for dissection and pinning out the salivary gland and attached buccal ganglia has been described previously (see Fig. 1 in Bahls et al., 1980) . Unless described otherwise, recordings from the salivary gland were restricted to proximal cells (regions 1 and 2, Kater et al., 1978a) .
For intracellular recording, ganglia and glands were pinned out in a l-ml Plexiglas chamber on a thin layer of RTV 616 Silicone Rubber compound (General Electric). The chamber was continuously perfused with saline at 1 to 2 ml/min via two SemIcIrcular side arms of the chamber. These conditions were found to provide complete exchange of chamber saline within 1 min. (Kater et al., 1978a, b) . Briefly, the salivary neuroeffector system is comprised of a pair of acinous glands that are innervated by two electrically coupled buccal ganglion neurons, L4 and R4. Action potentials in neuron 4 elicit large EPSPs which usually evoke action potentials in gland cells. The neuron 4 innervation of some secretory cells within each acinus is judged to be monosynaptic (Bahls et al., 1980) , action potentials being propagated between cells by strong and extensive electrical coupling within the epithelium. In some preparations, electrical coupling between the two neurons 4 is sufficiently strong that recurrent excitation between the neurons occurs. In these cases, a characteristic deflection on the action potential downstroke ("delayed electrotonic interaction") appears and a complex gland EPSP is evoked (Bahls et al., 1980) . In order to avoid the influence of a contralateral neuron 4, having a membrane potential that could not be accurately controlled in this study, such preparations (-10% of total) were discarded. Relationship of EPSP amplitude to soma potential of neuron 4. Synaptic transmission in the molluscan CNS can be modulated by the presynaptic membrane potential (see the introduction). We examined whether this relationship can be extended to the PNS, i.e., to a situation in which the synapse is relatively distant from the cell body.
The amplitude of gland EPSPs was found to be strongly influenced by the membrane potential of the neuron 4 soma. Specifically, stepwise increases of the resting potential of cell 4 were accompanied by a corresponding reduction in the amplitude of gland EPSPs (Fig. 1 Figure 1 . Modulation of gland EPSP amplitude by the membrane potential of neuron 4. Segments of a continuous recording from neuron L4 and an ipsilateral gland cell are shown, action potentials being elicited with 10.msec pulses at 2.5.set intervals (no synaptic facilitation occurs at this frequency; see the text and Figs. 5 and 6). The neuron was initially at resting potential (-46 mV) and was hyperpolarized at the arrowheads by O.l-nA increments to the indicated holding potentials. The electrode was initially bridge-balanced for the maximum holding current, 0.4 nA, and its balance did not differ for the smaller currents. The records are continuous except in the case of the lower pair, between which four action potentials have been deleted. The preparation was bathed in 3 mM Ca"+, 16 mM Mg'+ saline. Figure 2 . Relationship of neuron 4 membrane potential to amplitude of the gland EPSP. The experimental paradigm is described in Figure 1 , which shows examples of records. Correlation coefficient = 0.98, slope = 0.40. Each point is the mean + standard deviation (n = 4).
to spontaneous activity occurring at a more or less constant neuron 4 membrane potential. In order to examine the action potential/EPSP relationship at constant resting potential more rigorously, the activity of neuron 4 was suppressed by prolonged hyperpolarization, and spike trains were evoked either by release of the hyperpolarization or by a depolarizing pulse upon release of the hyperpolarization. This treatment produced a steady train of action potentials which showed gradual broadening (Fig. 6) . Successively broader action potentials were accompanied by a sequence of correspondingly increased EPSPs. As before, the EPSP amplitude was strongly correlated with action potential half-width (mean correlation coefficient = 0.97 f 0.02, n = 6).
Although the linear correlation between soma action potential and gland EPSP size was consistent from preparation to preparation in all of the above studies, the numerical relationship of the two parameters was somewhat variable. Specifically, the slope of the EPSP amplitude/half-width relationship varied from 0.08 to 3.02 in different preparations (mean slope = 1.51 + 0.98, n = 13). The slope value is an important parameter to be considered when evaluating the dependency of EPSP size upon action potential halfwidth in any given preparation because it provides a measure of the Figure 3 . Reduction of actron potential half-wrdth of neuron 4 and of the amplitude of gland EPSPs by hyperpolarization of the neuron 4 soma. Neuron 4 was hyperpolanzed from its initial resting potential (-37 mV) by 0.1.nA current increments to the holding potentials indicated. As a result of the step hyperpolarizations, the action potential in neuron 4 becomes progressively narrower and the corresponding EPSP in the gland cell becomes smaller. These action potentials occurred spontaneously.
In the event of a burst of impulses, the first was chosen for measurement so as not to be influenced by spike broadenrng that occurs during bursts or trains (Figs. 5 and 6). The waveforms depicted here are single examples at each holding potential, and all of the data points from thus preparation are depicted graphically in Figure 4 . The preparation was bathed in 2 mM Ca2+, 17 mM Mg2+ saline. Note the different time scales (also in Figs. 6 to 8) which were chosen for maximum clarity, each pair of traces beginning together. could be observed was IO-' M. This modulation of neurotransmission was accompanied by increased activity of neuron 4. The occurrence of such activity confounded measurements of action potential and EPSP parameters since closely occurring impulses produce spike broadening and EPSP facilitation (Figs. 5 and 6 ). For this reason, neuron 4 was hyperpolarized sufficiently to suppress spontaneous activity during SCPB application. Under these conditions SCPs caused a depolarization of neuron 4 and action potentials broadened in parallel with the increased EPSP amplitude (Table I , Fig. 7 ). That this modulation of the gland EPSP is solely attributable to depolarization of neuron 4 was directly demonstrated by repolarization of neuron 4 during SCPB application. Both the spike width and gland EPSP were consistently restored to within +I 0% of control values by neuron 4 repolarization (Table II) in all preparations tested (n = 6). Thus, SCPB modulates neuroglandular transmission by utilizing the action potential duration/EPSP amplitude relationship. In contrast to FMRF-amide (below), no direct postsynaptic changes (e.g., input impedance and resting potential of gland cells) due to SCP, application (Table I) were observed.
The molluscan tetrapeptide FRMF-amide was also found to modulate the efficacy of neurotransmission on the gland. In common with SCP,, FMRF-amide consistently altered neuroglandular efficacy at concentrations of 1 OT6 to 1 Oe7 M threshold effects being observed at 1 O-' M. The effects of FMRF-amide, however, were more complex than that of SCPB, since it appears to act directly upon both neuron 4 and the gland cells. Specifically, FMRF-amide application to the bath caused a hyperpolarization of both neuron 4 and the gland cells (Fig. 8) . Concurrently, the gland EPSP showed a drastic reduction in amplitude which was associated with a moderate decrease of neuron 4 action potential half-width (Table I ). The increase of gland cell membrane potential implied a conductance change and, consequently, we examined the input impedance of gland cells during FMRF-amide application. Thus, FMRF-amide was found to decrease the input impedance of gland cells (Table I) . Since this loss of input impedance will itself reduce EPSP size, this augments the reduction of EPSP amplitude attributable to hyperpolarization of neuron 4. Accordingly, repolarization of neuron 4 caused only partial restoration of the gland EPSP amplitude despite recovery of spike half-width to within +lO% of its control value in all preparations tested (n = 5). Thus, FMRF-amide exhibits actions both preand post-synaptically in this system.
Discussion
The mechanisms underlying physiological and behavioral plasticity are a major current focus of neurobiology. The identified neurons of the freshwater snail Helisoma have been utilized for studies of synaptic connectivity and motor pattern generation (e.g., Kater, 1974) and neuronal regeneration (e.g., Bulloch, 1985) . The current report extends this range of studies by examining synaptic plasticity in the PNS. In particular, we examined modulation of synaptic efficacy in the PNS by physiological manipulations of the central cell body. Our results demonstrate that synapses in the molluscan PNS can be controlled by the soma potential of an effector neuron. The ability of presynaptic membrane potential to influence transmitter release has been demonstrated in a number of preparations, but with differing results which are compared in Table Ill . The situation in the Helisoma neuroglandular preparation resembles that of interneuroneffector neuron synapses within the Aplysia abdominal ganglion. In the case of the Aplysia abdominal interneuron LIO, hyperpolarization reduces both the duration and the amplitude of action potentials (Shapiro et al., 1980) whereas in Helisoma buccal neuron 4, hyperpolarization reduces only the duration of impulses (which increase in amplitude as measured from holding potential, Fig. 4) . In contrast, pleural ganglion interneurons in Aplysia exhibit reduction of spike amplitude without reduced half-width upon hyperpolarization, this being attributable to decreased inactivation of early outward current (Shimahara, 1983) . The differences between molluscan systems are further exemplified by the linear relationships observed in the current report between soma membrane potential and EPSP amplitude as opposed to the S-shaped relationship observed in the case of CNS synapses in other molluscs over comparable voltage ranges (Shimahara and Peretz, 1978; Shapiro et al., 1980) . The situation is further diversified by consideration of the squid giant synapse and the crayfish neuromuscular junction. In the former case, presynaptic depolarization decreases transmitter output, apparently due to decreased amplitude of action potentials for which the half-width is unchanged (Miledi and Slater, 1966; Charlton and Bittner, 1978) . Recordings from motoneuron branches close to crustacean muscles have shown that prolonged depolarization can enhance transmitter output, despite reduced spike amplitude, apparently because of enhanced steady-state Ca"" current (Wojtowicz and Atwood, 1984) . Thus, the mechanisms of synaptic plasticity are diverse, even within a phylum, and require individual characterization.
The strong linear correlation between the neuron 4 half-width and gland EPSP amplitude in Helisoma indicates that action potential duration is the predominant factor determining transmitter release at this peripheral synapse. The soma action potential half-width therefore appears to provide a reasonable approximation of the duration of excitation at the terminals. The form of terminal excitation, i.e., action potential invasion or passive spread of current from axonal action potentials, is unknown in gastropod molluscs but could resemble the active invasion of terminals observed at the squid giant synapse (Bullock and Hagiwara, 1957) .
The ability to control transmitter release in the PNS by the soma potential is unexpected since, unlike the situation for an interneuron in the CNS, the salivary glands might be expected to be electrically distant from the neuron 4 soma. The length constants of molluscan neurons, however, are often extraordinarily long (Horn, 1978) . The length constant for Helisoma neuron 4 is unknown but may be (n = 24) a n = number of preparations tested Vol. 5, No. 70, Oct. 1985 conductance and an increased steady-state Ca"' current (Shapiro et al., 1980) . Neuromodulatory effects of peptides have been implicated in a variety of systems (Hokfelt et al., 1980; Strumwasser, 1982; lversen et al., 1983) . A number of neuronal properties can be influenced by peptides, including membrane potential and action potential properties (e.g., Pittman, 1980) . With the exception of studies in tissue culture (e.g., MacDonald and Nelson, 1978) , the mechanisms by which peptides alter synaptic efficacy in the vertebrates are often unclear. Certain invertebrates offer preparations which enable study of peptidergic modulation of synapses at the level of single cells (e.g., Hooper and Marder, 1984; Scheller et al., 1984) . In the mollusc, for example, cardioacfive peptides are known to modulate neuromuscular synapses. For example, SCPB increases the rate of relaxation of nerve-stimulated twitches in He/ix (Lloyd, 1980a, b) and enhances muscle contractions in Aplysia (Lloyd et al., 1984) . Additionally, FMRF-amide enhances the amplitude of muscle contractions and excitatory junction potentials in Aplysia (Richmond et al., 1984) . given the average coupling coefficient of the two neurons 4 (0.54, measured soma-to-soma, Murphy et al., 1983) , the soma-to-soma distance (1 mm), and assuming exponential decay between the somata without decrement at the electrical synapse. This calculation, which must provide a minimum indication of the length constant (given that some decay probably occurs across the electrical junction), provides a value of 1.5 mm. The distance from neuron 4 soma to the proximal gland acini is about 3 mm. These calculations give credibility to the notion that soma potential can influence the terminal potential in this system. Furthermore, soma potential was found to influence the EPSP in the most distal acini of the gland, which are 6 mm from the gland 4 soma. In the larger opistobranch molluscs like Aplysia, length constants are greater still (5 mm, Horn, 1978) ; thus, soma potentials in these animals can probably control terminals at least up to 1 cm.
The ionic mechanism underlying the dependency of spike duration upon membrane potential and frequency in neuron 4 is as yet unknown but presumably involves increased Ca'+ flux due to decreased outward currents and/or increased inward currents. In the case of the Aplysia neuron LlO, spike broadening and enhanced release have been shown to involve both a decreased spike KC II 11 FMRF Figure 8 . Modulation of neuroglandular transmission by FMRF-amide. Examples of action potentials (stimulated by 3-msec pulses every 5 set) and EPSPs immediately before and 2 min after an application of 10e7 M FRMFamide. Neuron 4 was initially at resting potential, FRMF-amide causing a 5-mV and 9-mV hyperpolarization of neuron 4 and the gland cell, respectively. The decreased amplitude of the gland EPSP is due to both narrowing of the neuron 4 action potential and decreased input impedance of the gland cell (See Table II ). The preparation was bathed in 3 mM Ca*+, 16 mM Mg*+ saline. The evidence favors a postsynaptic locus for action of both SCPs and FMRF-amide on molluscan muscle, although presynaptic actions have not been ruled out.
The present observations of a peptidergic involvement in synaptic plasticity have revealed two mechanisms for peptide modification of synaptic efficacy in molluscs. We have shown that SCPB facilitates synaptic transmission by virtue of its ability to depolarize neuron 4, i.e., by utilizing the action potential duration/EPSP amplitude dependency we demonstrated physiologically.
In contrast, FMRFamide has both pre-and postsynaptic actions. The presynaptic hyperpolarization of neuron 4 utilizes the same mechanism, but EPSP size is further reduced by a postsynaptic decrease of input impedance. Thus, peptides such as FMRF-amide and SCPB can express part or all of their action by utilizing a simple presynaptic membrane potential/postsynaptic EPSP amplitude relationship. This is in contrast to the membrane potential-independent modulation of action potentials in cultured chick sensory neurons by enkephalin (Mudge et al., 1979) . It will be of interest to determine whether the alternative means by which presynaptic membrane potential can modulate synaptic efficacy (Table Ill) are exploited by neuromodulators in other preparations.
It will be important to determine whether a physiological role exists for the pharmacological responses to peptides that we have demonstrated in this study. To this end, studies have been initiated regarding the localization of FMRF-amide and SCP, neurons and fibers in Helisoma. Preliminary immunofluorescence studies have indicated the presence of both FMRF-amide-like and SCP,-like fibers on the Helisoma salivary gland (A. D. Murphy and K. Lukowiak, unpublished observation). This system may therefore provide the opportunity to further evaluate the peptidergic modulation of synapses in terms of all the participating neurons.
